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siMcutr 

fiis  por«s«nt  laveftti^^on  costlst»«  effocrt  to  «,3e«rtaia  tlSs  ntfeure 
of  tlM  retinal  stiailtu  eff aotlTO  in  prodoclsg  the  peroeptioa  of  aa  et^ge 
QDdar  certain  eliq^  ccadltiooa  of  photopie  for/eaX  viaioiu 


A aithfid  ie  briefly  described  by  aease  of  idaieh  a distal  etisulaa  is 
eoaputad  iibieh«  under  tte  conditions  of  ^eerratioc  existing^  will  result  in 
the  desired  proodaal  or  retinal  stianlus.  Zbe  obeerrer  can  project  a saaU 
fidoeial  dot  of  11^  onto  the  distal  stisalus  to  indicate  where  aa  edge, 
tuceale,  contour  or  discontinuity  igipears. 

It  is  sbcwu  that  the  eObJeetiwe  apparent  intensity  or  brightmsa  is  not 
siaply  related  to  the  Intenei^  on  the  retina  and,  indeed,  that  the  relatica* 
ship  aiy  be  inver^^e,  neaely,  that  intensely  iUiadnated  regloM  of  the  retina 
■ey  i^pear  dark  lAiile  adjacent,  leee ^Intensely  illwrinfited  regioee  mj 
bright*  Xt  ia  abofm  that  if  00a  were  to  attopt  to  expreaa  this  phanctaon 
la  ta»B  of  the  elasaleal  eoneept  of  the  Weber-IPacbaar  fraetioe„^l/l,  it 
would  reaolt  in  a poaltlre  Intanalty  grediant  producing  a negative  bzigjbtseee 
isoremnt* 

It  ie  fhrther  ehcm  that  the  eaKunt  of  energy  deemaat  ca  the  retina 
baa  little  affect  upoa  the  appearance  of  en  edge*  Xt  is  than  ahomi  that  ths 
rats  of  change  of  energy  with  raapaet  to  retinal  dlatanoa  la  aa  unimportant 
factor  la  the  production  of  adgM  and  that  the  loweat  derivative  of  energy 
with  reepeet  to  retinal  dletanne  of  ehhetantlal  uignlficacoe  for  ccatcnr  for- 
aatloa  ia  the  eeeond  derivetive* 

A fUndaaental  prlnolple  is  etated  to  be  that  a doublet  edge  nay  appear 
adbatastially  ayaaetrically  distrihuted  on  either  side  of  a point  idwre  tha 
rate  of  ohaage  of  the  rate  of  charge  of  intanalty  on  the  retina  is  1 

The  separation  of  thie  doublet  edge  will  be  aaeller  the  greater  the  valae  of 
the  fourth  derivative  of  energy  with  reepeet  to  retinal  distance* 

The  ^wxKnena  of  contour  fonation,  eisoltaneoua  oontraat,  ehaolnte 
photopie  threabold  or  light  eenae,  dlfferestlsl  photople  threehold  or  light 
dlffetenee  eeaae,  eliiiaMe  visibls  or  visual  seuity  fssf  a liaa  and  grfa-!aag» 
resolvable  or  alniaLUi  eeperabls  or  visual  acuity  aey  all  ba  eonaldsred 
chiefly  in  texae  of  the  esoond  and  itisf»T  derlvetlvee  of  energy  with  reepeet 
to  retinal  distance* 


Aa  ertlfloial  pcpil>  ^ is  dieaeter,  and  a eouroe  of  light,  tha 
effeotive  neual  wave-lsxgth  range  of  which  le  Hatted  to  tha  regin  560  to 
585  BllllalerQai:,  are  eaployed  to  reader  defeete  of  the  hoMa  eye  each  aa 


ciircsati!:  aberraticn,^  spherical  ai«rratiocj^*3/  ccsse,  refrsurtive  errors^ 
anl  aatlssatiaa  ty  iacldenca  oegligible  ccaapared  to  the  overfc'helsir^ 

iafeet  g?  diffraction  and  the  jraaller  defect  attributable  to  flxatica 
trenor.^#’^  The  Airy  disc  diffraction  pattern  my,  for  ssacy  practical  pur- 
poses, be  assisasd  to  consist  aarsly  of  a visually  effective  portion  of  tbe 
central  disc®*^  over  the  surface  of  which  the  energy  is  tmlfom.  An  exter- 
nal stiaulus  is  presented  such  that  derivatives  of  ^aergy  with  respect  to 
space  in  the  horisontal  dhaenaion  have  definite  values  but  in  tbe  vertical 
diaensicn  are  all  substaistlally  zero.  Furtheraors,  the  vertical  sxteot  of 
the  energy  dlfftribublon  is  relatively  large  and  the  resulting  energy  distri- 
bution on  the  retina  Is  approoeiaated  by  eccputlng  it  os  the  integral  of  the 
energy  distribution  presented  between  the  limits  of  plus  and  minus  the  radius 
of  the  visually  effective  blur  disc  ae  projected  into  the  plane  of  the 
stimulus* 

The  proeedurs  la  first  to  decide  what  scalar  field  of  energy  on  the 
retina  ie  desired.  For  example,  ve  nay  require  that  the  third  derivative  of 
energy  with  respect  to  distance  in  the  horizontal  dimension  on  the  retina 
pass  thrcugii  a aaxtanm  and  that  this  maxiMa  have  a specific  valuer  - We  may 
UiQose  other  eondltlona  on  the  energy  at  this  point  and  on  the  rate  of  change 
of  energy  with  distance  or  the  energy  gradient  at  this  point*  The  deaixed 
scalar  field  is  coegnzted  expressing  energy,  S,  as  a function  of  x distance 
on  the  retlzai  in  the  horlzostal  dimension.  There  is  then  cooguted  that  S as 
a function  of  x in  extenmil  space  which,  when  viewed  by  the  eys  at  a given 
distance  and  thrcu^  a given  pcpll  and  filter,  will  result  in  tbe  desired 
energy  dlstrlb^rtlcn  being  obtained  on  the  retina.  That  is,  a distal  stlsnlus 
is  eoBputed  which,  under  tbe  ccaditloos  of  observation  existing,  will  result  4 

In  the  desired  prooclmnl  or  zettnal  stisulns.  The  observer  can  project  a 
saall  fiducial  dot  of  light  unto  the  distal  stimulus  to  todieate  where  an 
■ edga,  break,  contour  or  dlscontiniity  appearw.  The  reading  of  tbe  position 
of  such  dot  art  tte  distal  stlmolns  ccsstitutes  one  recorded  observation*  A 
more  detailed  deacrtjrtlon  of  the  rnsthod  ocd  apparatus  ^ given 

in  a prevlcns  pqper*^ 


BKBUIgS  AMD  OlSCtSaZCV 

ngare  1 thovs  three  different  retinal  energy  distributions  plotted  as 
solod  lines  and  the  location  of  the  experimentally  observed  breaks  plotted  as 
cirelss.  on  the  £ axis  la  plotted  units  of  relative  retinal  energy.  On  tbe 
X axis  is  plotted  distance  on  the  distal  stimulus  In  inches,  each  squexe  being 
72  inches*  The  distance  of  obaervatlon  was  12  ft*  and,  therefore,  each 
square  ecrresponds  to  a retinal  distance  of  about  *023  aa«,  the  exact  figure 
depending  vmon  the  speeifio  schsstic  or  reduced  eye  used  for  calculation* 

A relative  retinal  energy  of  1.0  eorresponda  to  a bri^^riaiess  of  65  Brfiinifc. 
berta  on  the  distal  stlmulua*  The  results  are  the  mean  of  36  observations, 
iB  observations  by  ons  subject  and  IB  by  another*  Tbe  distance  between  tbs 
bars  represents  two  standard  errors  of  the  asan.  Tbe  rrtlnal  functions 
portrayed  are*  for  curve  A,  y t .8957  4 *1207x  - l*00xr  4 ?S,ohx*  - 
for  curve  B,  y = .8797  4 •2S9QX  - 1.00x2  4 5.208x7  - l£*2^  and  for  curve  C, 
y a .7933  4 .6034x^-  1.00x2  / l,<A2x^»  - *6510x6.  All  three  curves  have  a 
aaifUBia  value  of  d^y/dxr  at  2 : 0.  d3y/dx3  is,  of  course,  sere  at  x = 0* 
dV/dx7  Is  eaxleal  at  x = 0 and  its  maxiaiai  valua  Is  625  for  curve  A,  125  for 


cursra  B asd.  25  for  curre  C.  All  three  crurvc*  have  the  chaxacterlat^c  that 
at  soas  poeitiva  vtiloia,  x = / a,  of  rstlJaU.  diatauce,  dy/c!x,  d%/dx^  aad 
d^/dx3  are  all  zero  and  y a .9.  {yor  clarity,  eiuvaa  B aad  C have  been 
lCKer<d  on  the  axis. ) At  this  point  the  ctnrves  are  arbitrarily  flattened 
out.  AH  thTM  curves  have  the  characteristic  that  at  setas  ^alue,  x t 
d^/dx^  and  are  zero.  The  value  of  dy/dx  at  « 8 has  been  eenputed 

and  the  distal  atinailus  has  been  gl-<‘en  the  required  slope  at  this  point  so 
that  the  first  three  derivatives  shov  lao  disccatlnuity  at  either  » at  ->»• 

Thus,  the  curves  depicted  are  plots  et  the  f>xQctloes  given  betveen  x t -s 
aad  X c / s.  Outalda  of  these  llsLits  they  ate  arbitrarily  aade  straight 
lines.  Hot  Illustrated  In  the  figure  is  the  feet  that  all  three  curves  are 
prolonged  beyond  x : -.5  until  the  y vr^ue  drops  to  approxlaately  *h2,  at 
vhich  valus  of  y,  dy/dx  is  arbitrarily  aade  zero. 

figure  2 slKsn,  on  a reduced  scale,  the  entire  eur/e  S plotted  as  a 
•olid  line.  At  the  point  indicated  by  the  arresr  the  first  and  all  higher 
derivatives  axe  discontinuoua.  Tvo  edges  appear,  one  oc  either  side  of  this 
point,  but  only  four  observations  are  taken  on  these  frivolous  edges. 

Tbe  dashed  line  curve  in  Figure  2 is  qualitatively  Illustrative  >r  the 
subjective  apparent  intensity  or  brl^^itness  of  the  retinal  energy  dlstri- 
butlcn  depicted  aa  Curve  B«  To  the  of  the  figure  appears  as  a uni- 

fon  bright  gray.  At  them  occura  an  edge  vhich  is  quite  sharp  In 

appearance  as  is  Indicated  by  the  aaall  standard  error  of  the  mean.  Betvsen 
1^  aad  ^2  lies  & strip  of  uniform  bri^tness  which  is  definitely  brighter 
than  the  figure  to  the  despite  the  fact  that  the  retinal  energy  at  all 

polnta  in  the  region  is  less  than  it  is  to  uhe  right  of  At  Bo  an- 
other sharp  edge  appears  and  to  the  left  of  Eg  the  figure  ^ darker.  In  the 
iBMdlata  vicinity  to  the  left  of  Eg  the  figure  appears  to  be  pnlfomly  dark. 
There  then  occurs  a gradual  brii^xtness  gradient  between  Eg  and  the  right  of 
the  pair  of  frivolous  edges  EfEp.  On  looking  frem  region  Eg  to  the  xiearer 
region  3^  it  is  subjectively  apparent  that  a change  in  brightness  has  occurred 
but  ahaxp  edges  tan  not  fozaed  despite  tbe  fact  that  the  rate  of  change  of 
energy  with  retinal  distance  Is  naxlnal,  in  this  region.  Returning  aenr  to  a 
eoMideration  of  figure  1,  all  three  of  the  euxvew  A,  B and  C produce  a sub- 
jective appearance  q^ialltatlvely  similar  to  that  Just  described  for  figure  2, 
QssMly,  a bright  strip  with  gray  on  either  side,  and  evetcfcually,  to  tha  left, 
tbe  frivolous  edges.  13xi  inverse  relationship  between  brij^tnee  and  Inten- 
sity ie  most  strikingly  illustrated  by  the  retinal  energy  distribution  de- 
picted tqr  curve  C.  It  is  i^parent  that  the  retinal  energy  in  the  brl^ 
strip  between  the  two  chsexv^  edges  at  / ^26  and  - .20  is  substaBtlally  less 
than  the  retinal  energy  to  the  rl^  of  / .26,  yet  the  strip  is  markedly 
brl^^ater  than  its  background.  Tbe  relative  leek  of  brl^taess  of  tbe  region 
to  the  rls^  at  x " / .26  la  not  attrlbutebls  to  a deflcisscy  in  area  sIobc 
curve  C continues  flat  out  beyond  the  value  of  / 1.00,  although,  to  conserve 
space  this  fact  is  not  depicted  on  the  gr^ph.  (hu've  C also  iUuccrates  the 
fact  that  no  brlf^seae  variation  la  perceived  vlthln  tbe  region  froe  - .20 
to  / .26  althou^  the  relative  retinal  energy  h&s  increased  from  .54  to  .89. 

If  one  were  to  atteagrt  to  express  this  phexsaaenon  in  terms  of  the  olssslcal 
concept  of  the  Weber-Feehnsr  freetlonA  l/l,  it  vould  asan  that  vlthln  tha 
strip,  value  of  .65  does  not  suffice  to  produce  a percsptiblB  bri^t- 

aees  ineremeot,  whereas,  aiftl/l  of  .015  has,  in  a certain  sense,  produced  a 
perceptible,  although  negative,  brlgh^tness  Incremegt  at  the  rlg^  edge  of  the 


3 


strip.  Purthersaora,  o&  loosing  trca  csie  ed^  of  tii#  strip  to  tbs  ether,  jx> 
aFubjective  sradlsst  appears.  At  the  iigtasca  of  ebser^tioa  es^Loyed,  tbs 
vldth  of  the  strip  stlssilatea  a rcttna.1  region  X3  to  63  foveaJL  cone  dia" 
asters  vide,  depending  u^os  vhether  ferwaX  cooes  are  asexmd  to  subtend  12 
or  60  seeoo^  of  arc  at  the  nodal  point  of  the  eTS, 

2h  t2M  retinal  enersf  distribution  shown  by  curve  A,  an  edge  oectirs  et 
/ .13  and  the  other  edge  occurs  at  • *13  after  an  eaersT  daoxeaent  of  .03  baa 
occurred*  In  curve  B,  the  left  edge  appears  after  an  Msersy  deexeiseaxt  of  .08 
has  occurred,  m curve  C,  the  energy  deereoent  ftt»  one  e^  to  the  other  is 
.40*  It  appears  that  the  asount  of  energy  decreaest  has  little  effect  \qpcn 
the  appearance  of  an  edge*  Cxua,  curve  A showa  that  an  energy  deereaent  of 
•03  suffices  to  produce  an  edge  and  if  an  energy  deereaent  of  thia  aagnltude 
were  all  that  were  reqitiired,  curve  C vould  produce  thirteen  ed^a  in  a 
region  which,  in  fact,  igg^eara  of  un^foxa  brliptness. 

Conaidar  next  the  effect  of  dy/dx,  the  rate  of  change  of  enexw  with 
respect  to  retinal  distance.  On  curve  A,  one  edge  occurs  where  dyy^  ia 
sero  vhllst  the  other  edge  oeeura  where  dy/dx  la  .24.  !TIm  right  edge  of  the 
strip  of  curve  A,  deaoaatrstea  that  ^ sharp  discontinuity  In  brightness  nay 
be  seen  in  a xegloa  where  the  retinal  energy  is  not  changing  vlth  distance. 

Ih  otbur  verda,  an  adgs  nay  appear  vhMe  the  retinal  inteaslty  gradient^  la 
sero.  Ih  curve  B,  the  left  od^  of  the  atrip  does  not  appear  turtll  dy/dx 
achieves  a valua  of  .51.  Uhlla  In  curve  C,  the  left  adgs  does  not  appur 
until  dy/dx  has  reached  .96,  a value  four  tiaas  as  high  se  that  at  \d>i(di  tbs 
left  ed^  occurs  la  curve  A.  The  figuzea  dsMoostrate  that  the  valas  of  dy/dx 
has  little  to  do  with  tha  production  of  an  edge. 

Conaidar  next  the  ai^ilflcaace  of  d^/dx^.  All  three  curves  of  figure  1 
are  iUcstrative  of  tha  phenoaenon  vhloh  has.  been  described  in  a previous 
rsper  ^ ths  aathnr,30  xianely,  that  on  either  side  of  the  eexlana  value  of 
d^/dbr  there  cgpeara  an  edge.  Thus,  each  aaxlam  value  of  d^/dxr  la  asao- 
elated  vlth  a doublet  odgi  and.  the  aepamtlon  of  the  douhlat  detexmtoea  the 
thleknsss  of  tha  brl^  or  dark  lint  perceived.  It  la  apparent  that  tbs  two 
edges  are  sohstantlidjy  aywetrleally  dlatrlbuted  to  the  ri^  and  left  of 
the  point  where  d^/dr  la  aaxijnal. 

&&  curves  A and.  B of  figure  1,  tha  edges  occur  In  raglOBa  where  d^/dx^ 
is  practically  zero  but  that  this  Is  not  a nseessary  condition  for  the  ^n?ear* 
aaee  of  an  ada  ia  shown  by  curve  C on  which  tha  right  edge  occurs  In  a 
xegion  where  d^/dx^  - - 1.24  vhlla  the  left  edge  oeeura  In  a xeglon  whne 
dVdx2  s - 1,55, 

la.  however,  noeeasaxy  for  the  fomtlcn  of  edges  that  t!s,  vsl;^  of 
d^/dx^  at  its  aarlwni  be  soae  olnlaini  abeolute  value.  Ibue,  If  d^/dx^  at 
X 3 0 le  beld  at  525,  the  value  It  has  In  curve  A,  but  the  absolute 

value  of  d^/dx^  la  reduced  froai  2.0  to  1.2  the  edges  disappear.  does 

not  Bsaa  that  d^/dx?  at  x s 0 oust,  under  all  coodltlona,  achieve  a oagol* 
'tads  of  1.2.  Thus,  If  tha  laarlBiai  value  of  d4y/^  be  reduced  to  25,  then 
d^/dxr  at  X s 0 nay  be  -.8  aul  clear  edges  will  appear  as  la  Uluatrated  by 
curve  B of  figure  3. 


Tha  foregeirg  observatlcica  acd  diacuasica  iaiicata  that  the  Icvest  deri- 
vativa^of  amhataattal  aigaiTlcaace  for  acntour  fcoraaticaa  la  the  aecord* 
d^/dx^  2U9t  achieve  a certain  gwylaaaa  value  whether  positive  car  aegative  in 
ox^r  to  produce  a doublet  edge.  !]%e  eeparation  of  fitue  doublet  edge  aad 
hence,  width  cf  tbe  bright  or  dejic  strip  decreaees  as  tLe  inaxlara  valua 
of  dry/itx*  is  Increased  as  is  shown  by  curves  A,  B and  C.  A eecparlsMt  cf 
curves  C sad  5 ebsvs  that  in  thie  general  type  of  curve  the  sero,  first  and 
aeeood  derivatl*/es  my  be  alterc^  aubatjurtia^ly  without  aericus  change  in 
doublet  width  if  the  wnTtimm  value  of  d^y/dx*^  is  held  constant. 

The  relative  uniaportanee  of  the  value  of  dy/dx  has  bees  aenticmed.  If 
the  coefficient  of  x be  set  equal  to  zero  in  the  equations  for  cturves  A,  3, 

C and  B thorn  curves  will  beccaae  sysBetrlcal  about  the  ^ axis  and  a narrow 
or  vide,  black,  gray  or  white  line  appears  on  a luxlfona  background. 
dodilet  edge  Is  now  associated  with  a test  of  (1)  the  absolute  photcpic 
threshold  or  11^  sense,  (2)  the  differential  photopic  threshold  or 
diffexeDce  sense  or  (3)  the  alnisaua  visible  or  acuity  for  a line  de- 

peodicg  upon  the  asg^tudes  of  y,  d^/dxr  aid  which  are  eoployed. 

Thus,  if  &^/isr  is  greatly  Increased  the  line  my  be  sade  too  to  be 

seen;  If  d^/dzr  is  greatly  decreased  tha  line  will  have  too  little  **con> 
trast"  to  be  seen  while  if  ^ is  greatly  reduced,  all  derivatives  will  de- 
crease, and  the  line  will  becceas  too  "diA”  to  be  seen* 

If  funsticns  are  eo^aloyed  which  produce  aort  than  one  doublet  edge, 
adjacent  edges  frea  different  doublets  any  fuse  and  tbs  values  of  the  various 
derivatives  now  affect  the  mininaa  resolvahle  as  will  be  described  in  a sub- 
• sequent  report.^ 
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